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TO THE EDITOR
The outermost skin layer—the stratum
corneum (SC)—constitutes the main
barrier for the fluxes of water and
chemicals through human skin (Elias,
2004). Here, we report on the molecular
organization of the SC extracellular
lipid matrix and its role in skin barrier
efficiency. Using attenuated total internal
reflection Fourier-transform infrared
spectroscopy and measurements of trans-
epidermal water loss (TEWL) on intact
Abbreviations: FWHM, full width at 50% peak height; HEX, hexagonal; LIQ, liquid-crystalline; OR,
orthorhombic; SC, stratum corneum; TEWL, transepidermal water loss
www.jidonline.org 611
F Damien and M Boncheva
Barrier Efficiency of Human Skin In Vivo
and tape-stripped skin, we demonstrate
that highly ordered orthorhombic (OR)
lipid phases exist throughout the thick-
ness of human SC in vivo and that their
content directly correlates with the
TEWL. Our results illustrate the physio-
logical importance of the OR lipid
phases in SC as a regulator of the
transdermal fluxes.
The incomplete understanding of the
molecular bases of the skin barrier in
healthy skin; the therapeutic relevance
of improving the barrier efficiency of
diseased, aged, and neonatal skin; and
the need for overcoming the skin barrier
during transdermal drug delivery have
prompted numerous studies of the SC
lipid matrix (Harding, 2004; Bouwstra
and Ponec, 2006). Most of the experi-
mental evidence—collected from excised
skin (Naik and Guy, 1997; Babita et al.,
2006), from SC fragments (Pilgram et al.,
1999; Pensack et al., 2006), and from
mixtures of SC lipids (Lafleur, 1998;
Moore et al., 2006)—points toward
coexistence of OR, hexagonal (HEX),
and liquid-crystalline (LIQ) phases. Two
recently developed models of the mole-
cular organization—the domain mosaic
model (Forslind, 1994) and the sandwich
model (Bouwstra et al., 2000)—have
proposed the spatial arrangements of
these phases. Both models suggest that
the most tightly packed, conformationally
ordered OR phases regulate the trans-
dermal fluxes: the higher their content,
the higher is the barrier efficiency of the
SC; this correlation, however, had never
been demonstrated in vivo.
In this study, we evaluated the barrier
efficiency of intact forearm skin in
70 healthy human volunteers of both
genders, aged 19 to 62 years, using
TEWL, the water flux density describing
the passive diffusion of water through
the SC (Imhof et al., 2009). The study
protocol was approved by the institu-
tional review board of Firmenich SA and
a b
c
α
β
12
11
10
1,476 1,472 1,468 1,464 1,460 1,476 1,472 1,468 1,464 1,460
1,476 1,472 1,468 1,464 1,460 1,476 1,472 1,468 1,464 1,460
Wavenumber (cm–1) Wavenumber (cm–1)
Removed SC thickness (μm)
Wavenumber (cm–1)Wavenumber (cm–1)
3530
12
11
10
9
8
7
6
0 1 2 3 4 5 6 7 8
a
b
c
d
9
Temperature (°C)
d2
 
A/
dν
2
d2
 
A/
dν
2
d2
 
A/
dν
2
d2
 
A/
dν
2
40 45 50 55
9
8
7
5
6
4
FW
H
M
 (c
m–
1 )
FW
H
M
 (c
m–
1 )
*
* *
* *
*
* *
** *
** *
**
* *
**
Figure 1. The CH2 scissoring bandwidth (full width at 50% peak height, FWHM) as an indicator of the lipid lateral organization. (a) Temperature dependence
of FWHM in spectra collected from excised human abdominal skin; data from Boncheva et al. (2008). The data points represent mean±SD of the values
found in samples from nine donors; the solid line is the best fit to the experimental data. The arrows labeled a and b indicate the ranges of FWHM values
that correspond to lipids with a predominantly orthorhombic (OR) organization (above 11.3 cm1, class a) and with a lower OR content (below 11.3 cm1, class
b). Asterisks correspond to the examples shown in (b). (b) Representative examples of the CH2 scissoring region of second-derivative spectra collected from
human skin in vivo. The molecular organization in the corresponding stratum corneum (SC) layers was assigned to class a or b according to the measured
FWHM in the spectra (indicated by dashed arrows). (c) Representative examples of depth profiles of the lipid lateral organization; data from four volunteers
(labeled a–d). The shaded area of the plot indicates the lateral molecular organization of class a. The depth profiles of the lateral organization did not
correlate with the age or gender of the volunteers.
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fully conformed with the recommenda-
tions of the Declaration of Helsinki.
Before participation, the volunteers gave
their informed consent in writing. To
establish the depth profile of the
molecular organization of SC lipids, we
used attenuated total internal reflection
Fourier-transform infrared measurements
of successively deeper SC layers exposed
in the course of tape stripping. This
spectroscopic technique provides struc-
tural information localized in a surface
layer of limited thickness (Harrick, 1987);
it is uniquely well suited to assess SC
in vivo, as it causes minimal perturbation
to its native state and is noninvasive (Naik
and Guy, 1997; Mendelsohn et al., 2006).
To evaluate the presence and extent of
OR phases in the SC, we used the CH2
scissoring bandwidth (full width at
50% peak height, FWHM) calculated
from second-derivative attenuated total
internal reflection Fourier-transform infra-
red spectra. We have previously demon-
strated that this parameter has a high
discriminative power for the type of lateral
intermolecular chain packing of lipids in
full-thickness mammalian skin (Boncheva
et al., 2008). Figure 1a shows the temper-
ature dependence of FWHM; we have
previously shown that the maximal value
of 12.0±0.1cm1 is indicative of lipids
organized predominantly in OR lattices
and the minimal value of 4.0±0.1cm1
of purely HEX and/or LIQ phases. We
defined a threshold value of 11.3cm1
(corresponding approximately to the
upper eighth of the curve) to distinguish
the layers with a prevalent OR organiza-
tion (denoted as class a) from those with
a lower content of OR phases (denoted as
class b); the use of these two classes of
lateral organization, instead of the exact
FWHM values, facilitated the comparison
of the molecular organization in lipid
ensembles of similar but nonidentical
composition (Figure 1b).
Figure 1c shows representative
examples of the depth profiles of lateral
lipid organization. We detected the
presence of predominantly OR (class a)
lipid phases at all investigated depths, in
agreement with previous ex vivo and
in vitro studies (Naik and Guy, 1997;
Babita et al., 2006; Bouwstra and Ponec,
2006; Pensack et al., 2006; Boncheva
et al., 2008) and in contrast to the
homogeneous gel-phase model of SC
lipid organization (Norlen, 2001). Impor-
tantly, we found that HEX and/or LIQ
phases were also present at all depths; in
addition to the two peaks that are
characteristic of purely OR phases (cen-
tered at B1,473 and 1,463 cm1), the
scissoring regions of all spectra contained
a peak that is characteristic of HEX or LIQ
phases (centered atB1,468 cm1, Figure
1b). The relative extent of these phases
underneath the uppermost SC layers,
however, was fairly low, as judged from
the positions of the symmetric CH2
stretching modes; in all cases they were
located at B2,848–2,849 cm1, wave-
numbers indicative of ordered lipid
phases with a low rotational mobility
along the hydrocarbon chains (Lewis and
McElhaney, 2002).
Using these depth profiles and the
total thickness of SC (see Supplementary
Materials and Methods for details), we
calculated the fraction of SC thickness
that contained a (that is, predominantly
OR) lipid phases. Figure 2 shows the
correlation between TEWL and the
relative content of a phases in SC. The
two parameters correlated strongly (Pear-
son’s correlation coefficient of 0.694,
p¼ 2.8e11). In half of the cases (shown
with empty circles), we could only
estimate the minimal relative thickness
of SC that contains a phases. Considering
the typical depth profiles of the lipid
phase content, in these cases (for exam-
ple, profile a in Figure 1c) we still have
not reached the phases with the rela-
tively higher disorder that is typical of
inner SC layers. Thus, it is possible that in
these cases we underestimated the frac-
tion of SC thickness that contained a
phases; the horizontal positions of these
points could be shifted farther to the
right, leading to an additional strength-
ening of the correlation. The content of a
phases was independent of the age and
gender of the volunteers, and TEWL did
not correlate with the overall thickness of
SC (comprising fractions involved in OR,
HEX, and LIQ phases).
Interestingly, the maximal FWHM
(FWHMmax) observed for the a phases
was inversely proportional to TEWL:
volunteers having TEWL values in the
ranges of 5–8, 8–10, 10–12, and above
12 g m2 per hour had FWHMmax values
of 12.4±0.1, 12.3±0.2, 12.0±0.1,
and 11.9±0.2 cm1, respectively. This
decrease in FWHMmax might reflect a
lower content and/or smaller sizes of
the OR domains (Cameron et al., 1981);
either of these effects would lead to an
increase in TEWL. It is, however,
impossible to calculate the size of the
OR domains from the measured FWHM
values in human SC; unlike the case of
binary systems in which the magnitude
of the scissoring split and the size of the
OR domains are directly correlated
(Snyder et al., 1992), the complex
composition of the human SC precludes
such quantitative interpretation.
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Figure 2. Transepidermal water loss (TEWL) and lateral organization of the stratum corneum (SC)
lipids. Correlation between TEWL and the fraction of SC (expressed as a percentage of the overall SC
thickness) that contains lipids with a prevalently orthorhombic (OR) (class a) lateral organization. The
filled circles (n¼35) indicate the cases in which the molecular organization in the deepest SC layers
changed to class b after maintaining a class a organization throughout an SC layer of a certain thickness.
The empty circles (n¼ 35) indicate the cases in which the molecular organization maintained a class a
organization throughout all investigated SC layers. The solid line is the best linear fit to the data.
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In conclusion, we have demon-
strated the direct correlation that exists
between the lateral molecular organi-
zation of the SC lipid matrix and the
efficiency of the skin barrier: as pre-
viously suggested, but to our knowl-
edge never shown in vivo, the higher
the extent of purely OR phases, the
lower is the inside-out flux of water.
Our results lend further support to the
domain mosaic and sandwich models
of the lipid organization in SC. This
work raises several interesting questions
relevant to the areas of skin biophysics,
dermatology, and transdermal drug
delivery, such as the changes in the
lipid molecular organization that might
be induced by environmental condi-
tions (for example, temperature and
humidity) and by topical application
of products, the relationship between
the inside-out and the outside-in fluxes
of water and chemicals through human
skin, and the reversibility and time
scale of recovery of the molecular
organization in SC in vivo after a
chemical or environmental insult.
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Staphylococcus aureus Extracellular Protease Causes
Epidermal Barrier Dysfunction
Journal of Investigative Dermatology (2010) 130, 614–617; doi:10.1038/jid.2009.257; published online 8 October 2009
TO THE EDITOR
Dry skin and impaired barrier function
are hallmarks of the pathogenesis of
atopic dermatitis (AD). The combina-
tion of genetically determined barrier
deficiency (Walley et al., 2001; Kato
et al., 2005; Palmer et al., 2006;
Vasilopoulos et al., 2007; Ogawa
et al., 2008) and barrier disruption by
exogenous proteases (Nakamura et al.,
2006; Jeong et al., 2008), endogenous
proteases (Rogalski et al., 2002;
Hachem et al., 2006), and detergents
(Okuda et al., 2002) might increase the
risk of sensitization to allergens toward
IgE production and contribute to AD
exacerbations (Ogawa and Yoshiike,
1993; Cork et al., 2006). Recently, weAbbreviations: AD, atopic dermatitis; SC, stratum corneum; TEWL, transepidermal water loss
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Staphylococcal Protease Causes Barrier Breakdown
